Isothermal fatigue testing was conducted on single crystal nickel-base superalloys. Distinct cracking behaviors were found to occur in the specimens treated by different laser shock processing (LSP) technologies. A crack generally initiates from the casting micropore. For the well surface strengthened specimens suffered high laser shock intensities, the crack initially grows along one or more of the {111} planes and falls on the edge of the cylindrical specimen. For the poorly strengthened specimens, the final fracture area is usually located inside.
Introduction
Long life and high reliability have gradually become the basic properties of most industrial parts with the increase of service requirements. Surface strengthening treatment is a feasible and effective method achieving this goal. Compared with other processes in terms of performance improvement, laser shock processing (LSP) is a relatively new surface treatment technique [1] [2] [3] [4] . Single crystal nickel-base superalloys are extensively used in gas turbine engines. As an important aspect of superalloy applications, fatigue in high temperature has drawn many attentions [5, 6] . However, in the literature to date, few of it reports the effect of LSP treatment on isothermal fatigue performance of single crystal nickel-base superalloys.
This work is part of an ongoing effort to study the fatigue mechanism of a laser shock-treated single crystal nickel-base superalloy in the future. The present study is undertaken to develop a fundamental understanding of the effects of LSP treatment on the fatigue crack appearance in a single crystal nickel-base superalloy.
Experimental procedure
The nominal chemical composition of the selected single crystal nickel-base superalloy was Ni, 7-9Co, 6-8Cr, 4-6W, 6-8Al, 2-4Mo, 6-8Ta and 3-4Re, in wt%. The related heat treatment was carried out on the experimental alloy as follows: homogenization (1300°C/2 h + 1310°C/2 h, air cooling (AC)) and two-step annealing (1130°C/4 h, AC + 900°C/ 16 h, AC) [7] . Solid cylindrical specimens 6 mm in diameter and 15 mm in length were used and their longitudinal axes were parallel to the [001] direction. In current study, the technology parameters of LSP treatment were similar to those of the publications [7, 8] , and the only difference was that the pulse energy was set as 6 J. For the fatigue test pieces, the LSP treatments with overlapping rate of 50% as shown in Fig. 1 were carried out. Additionally, Fig. 1 shows the used pulse sequence [9, 10] . In this strategy, the treatment is started in one edge and finished in the other edge. The test pieces were processed along different longitudinal paths to achieve full coverage.
Isothermal fatigue testings were conducted under mechanical stress control in the 700°C, and all testings were implemented with a stress ratio of R = σ min /σ max = 0.1. The isothermal fatigue behaviors of the single crystal superalloys were investigated in two distinct conditions, which would be referred to as (i) the well strengthened condition and (ii) the poorly strengthened condition. The well strengthened condition corresponded to material which, prior to the isothermal fatigue testing, was treated by LSP with 2 impact times and 6 J in laser pulse energy. The poorly strengthened condition corresponded to testings for which the material was suffered to 1 impact time. The Vickers hardnesses of the specimens treated by different LSP technologies were measured to denote the varied surface strengthen effects.
After the testings, the ruptured fatigue specimens were sectioned parallel to the longitudinal axes for microstructural investigations. These samples were prepared by the usual metallographic procedures 
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Results

The isothermal fatigue behavior
Results for the isothermal fatigue behaviors of the selected single crystal superalloys are given in Table 1 . As seen in Table 1 , the poorly strengthened specimens (LSP1) have a lower number of cycles to failure for the given maximum stresses compared to the well strengthened specimens (LSP2), despite the narrow margins in fatigue life for the two slightly higher maximum stresses.
Crack initiation and fracture surface appearance
The general fracture appearances of the selected single crystal superalloy during the isothermal fatigue can be seen in Fig. 2 . The fracture surfaces of different specimens are purely crystallographic and occur along one or more of the {111} planes, meaning that the deformation in these cases occurred along one or more {111} planes [11, 12] . Hence, the numbers of active slip plane in the given fatigue testing conditions were different. From the literature it is well known that for FCC-structures the nominal [001] crystal direction has eight equivalent slip systems [13] . It is therefore expected that specimens, which possess [001] crystal orientation, show an apparent difference in active slip planes during deformation. The number of active slip planes might be changed by the irregular shapes of micropores. Fig. 2 shows that fatigue failures initiated from inner micropores for all failed specimens and Figs. 3-4 represents the microstructure details of the casting micropores at the origin of fatigue failure. From Fig. 2 , the fracture initiation types can be divided into two categories: (i) one is that the fatigue crack originated from a single micropore and grew along a single plane facet, while (ii) the other one is that the fatigue crack propagated from a micropore to several plane facets in a crystallographic mode. With respect to the comparison between the varied fracture initiation types and the numbers of dominant slip plane listed in Table 1 , a conclusion can be concluded that, for the specimens ruptured in the former mode of crack initiation, the number of dominant slip plane is relatively small. After the formation in regions containing casting micropores, fatigue crack propagated along one or more specific crystallographic planes subsequently. The behaviors of fatigue crack growth can be obtained from some of the fracture surfaces shown in Fig. 3 and the river patterns indicate the propagation directions of fatigue cracks. Additionally, the striations on fracture surface of Fig. 5 verify the crack growth direction.
It is the associated transient crack zones that are probably the most remarkable observation made here. The transient crack zones of the fatigue fractures are the final fracture regions in Fig. 2 . For the LSP2 specimens, the transient crack zones are mainly located on the edge of the fracture surface. However, the inner transient crack zones are presented on the fracture surface of the LSP1 specimens. The presentation of the sites of transient crack zone must be related to the disparities of surface strengthen effect. Given the comparison of fractures caused by different maximum stresses in specimen group LSP1 or LSP2, a phenomenon is striking that the lower fatigue life specimens, which were subjected to higher loading stresses, obtained the relatively large transient crack zones. This indicates that the specimens with short fatigue life have relatively small areas of fatigue crack extension.
The typical appearance of the deformation features in the scanning electron microscope can be seen in Fig. 6 . From the micrograph of the longitudinal cross-section of specimen LSP1-4, the emergence of two varied failure modes can be obtained: (i) the slip bands with crystallographic orientations [14] [15] [16] and (ii) the subgrain boundaries perpendicular to the external loading [17] . It is noteworthy that one can see void formation frequently occurring along the subgrain boundaries inside the material, see Fig. 6 .
Discussions
The isothermal fatigue life
The isothermal fatigue lives of the well strengthened specimens, which suffered more impact times, have improved to a certain extent. The authors ascribe it to the series of performance optimizations brought by LSP treatment, such as the high strength of surface layer, the high level of residual stresses introduced in subsurface [18, 19] . The surface Vickers hardness measurement was taken on samples treated by the two given LSP technologies mentioned above. The result shows that the average hardnesses generated through LSP1 and LSP2 are 405 Hv 0.5 and 459 Hv 0.5 , respectively (the hardness value kept by virgin materials is 363 Hv 0.5 ). The performance improvement brought by the secondary subsequent impact of LSP treatment was remarkable.
Fatigue crack initiation and propagation
Based on the present experimental results, the reason for the varied fatigue crack initiation types cannot be accurately given. However, an inference can be drawn that the different shapes of casting micropore result in the varied crack initiation types. When there is just one stress concentrative point around the wall of the three-dimensional micropore, fatigue crack grows along a single plane facet. Nevertheless, for the micropore that possesses several extending directions, more than one stress concentrative point leads the fatigue crack to grow along several plane facets. Experimental results show that the specimens with long fatigue life gained small transient fracture zones, namely that the more fatigue lives were spent in the relatively large crack propagation extent for these specimens. This demonstrates that the small area fraction of transient fracture zone has a positive effect on a long fatigue life. The ratio (α = S subgrain /S loading ) of the strength of lateral subgrain boundary (S subgrain ) and external load (S loading ) determines the area difference of transient fracture zone in current study. Among the specimens subjected to a same LSP treatment, a relatively small value of α would be gained for the specimen that was under a higher maximum stress. The lower α value accelerated the rupture of lateral subgrain boundary, and therefore a large area fraction of transient fracture zone was gained.
The effect of LSP treatment on isothermal fatigue crack appearance
After the comparison and generalization on the fatigue fractures of specimens subjected to different LSP treatments, the schematic illustration of the crack sections of single crystal superalloys after isothermal fatigue testing was drawn. Fig. 7 shows the varied macrocosm appearances of fracture of different specimens and a corresponding possible failure mechanism. For the well strengthened specimens, the weak areas are minimized inside the transverse sections by virtue of the high strength of the surface and subsurface. When fatigue crack expands to the edge of specimen, a suppression effect contributed by the high strength and hardness of subsurface kicks in. Therefore, the marginal part of specimen has to seek another deformation mode to attain the ultimate failure. The potential fracture appearances, which include one or more dominant slip planes, are as shown in Fig. 7(a) . Nevertheless, due to the lack of effective strengthen effect, the weak area of the poorly strengthened specimen extends to the whole transverse section and the corresponding fatigue fractures are as shown in Fig. 7(b) . The transient fracture zones generally locate inside of fracture surface or do not exist under this condition. Fig. 8 was constructed to certify the two different failure mechanisms mentioned above. For the fracture of specimen LSP1-4, fatigue crack originated from a casting micropore and propagated along the crystallographic plane until failure. But for the fracture of specimen LSP2-5, the propagation of the shear band with a crystallographic orientation ceased in the subsurface region, and therefore the marginal region ruptured along a subgrain boundary which was perpendicular to the external loading.
Conclusions
From the present study it is evident that the surface strengthen effect induced by LSP treatment plays an important role during isothermal fatigue. Two main findings can be summarized as follows:
1) The characteristics of fatigue crack initiation are not changed by LSP treatment. The fatigue crack initiates from casting micropores for both the specimens with or without LSP treatment.
2) Transient crack zones of the laser shock-treated specimens are on the edge of samples, and the treatment of LSP contributes to the isothermal fatigue performance in the postponing and inhibiting effects for fatigue crack propagation.
